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Hidden U(l) gauge symmetries are common to many extensions of tiie Standard Model proposed 
to explain dark matter. The hidden gauge vector bosons of such extensions may mix kinetically with 
Standard Model photons, providing a means for electromagnetic power to pass through conducting 
barriers. The ADMX detector was used to search for hidden vector bosons originating in an emitter 
cavity driven with microwave power. We exclude hidden vector bosons with kinetic couplings x > 
3.48 X 10~* for masses less than 3 /leV. This limit represents an improvement of more than two 
orders of magnitude in sensitivity relative to previous cavity experiments. 

PACS numbers: 14.70.Bh,12.20.Fv,07.57.Kp 



The Standard Model (SM) of particle physics explains 
the electromagnetic, weak and strong interactions of the 
leptons and quarks that comprise the visible universe. 
Extensions of the SM allow for a so-called hidden sector 
of particles; these particles may be so extremely weakly 
interacting with the known SM particles that they have 
little effect on observations. This hidden sector has been 
suggested as a model for dark matter in the universe [l| 
where the particles of the hidden sector are charged under 
a hidden U(l) gauge symmetry. The hidden U(l) vector 
boson may mix kinetically ^ with the SM photon pro- 
viding a weak coupling of the hidden sector to the SM. 
In those models where the kinetic mixing provides the 
only coupling of the hidden sector to the SM, the hidden 
vector boson is referred to as a paraphoton. Paraphotons 
with a mass between 50 MeV and 1 GeV could provide 
a mechanism to explain the excess positron fraction ob- 
served by PAMELA Q while light paraphotons in the 
mass range 1 fj,eV — 1 meV have been shown to produce 
a hidden cosmic microwave background (hCMB) 3- 

Paraphoton-photon mixing may be detected directly 
via the measurement of transmitted power between 
shielded microwave cavities J5I|. We use the Axion Dark 
Matter experiment (ADMX) detector in this way to 
search for evidence of hidden sector kinetic mixing. This 
experiment is sensitive to paraphotons with rriyi w 3/ieV, 



the low end of the paraphoton mass range that may pro- 
duce a hGMB. 

In general the Lagrangian describing the SM and a 
hidden sector U(l) with kinetic coupling x is H 



C = --Ff'^F, 



-B'^'B,, 
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- IxF^'B^, + ^m^yB'^B^, (1) 

where B^ is the vector potential of the paraphoton, m-y' 
is the mass of the paraphoton, and F^'' and B^'^ are 
the electromagnetic and hidden sector field strength ten- 
sors, respectively. The kinetic coupling described by the 
F^'^Bfj^i, term in Eq. ([T]) results in a mixing of photons 
with paraphotons. The origin of this mixing is made 
explicit with the change of basis i?^ -^ B^ — x^^ to 
diagonahze the kinetic terms in Eq. ((!]), 



c = -\f^''f^, - Js^'-s^. 

+ \m% {B^B^ - 2xB^A^ + x^A^A^). (2) 

Here, we have absorbed the renormalization of the elec- 
tromagnetic gauge coupling e^ ^ e^/(l — x^)- The mass 
term in Eq. ^ coupling the electromagnetic and hid- 
den sector vector potentials gives rise to a mixing angle 
between hidden sector interaction and mass eigenstates. 
This provides the mechanism for paraphoton-photon os- 
cillations [QI analogous to that of neutrino flavors. 



The coupling of the paraphoton to the photon mod- 
ifies the electromagnetic potential with an additional 
Yukawa term [7]. Constraints from the non-observation 
of deviations from Coulombs law \S\ and the black-body 
spectrum of the cosmic microwave background |9J ex- 
clude couplings X > 10^^ in the paraphoton mass range 
10-9 < my < 10-* eV. 

Microwave cavities can be used as sensitive searches 
for paraphotons via the resonant enhancement of pho- 
tons mixing into paraphotons in an emitter cavity and 
the observation of transmitted power in a detector cav- 
ity resulting from the paraphotons oscillating back into 
photons ^] . Such cavities typically cover the paraphoton 
mass range 10"® < m-y> < 10^^ eV. The power observed 
in the detector cavity Pdct , for an emitter cavity supplied 
with power Pcm, is given by [5]] 
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where the emitter cavity is driven with frequency v — 
a;/27r, and Qdct, Qcm are the quality factors of the de- 
tector and emitter cavities respectively. These factors 
account for the resonant enhancement of photon para- 
photon mixing probabilities. They are typically of order 
lO'* for cavities used by ADMX. The dimensionless coef- 
ficient G accounts for the interference of photons in the 
detector cavity as paraphotons mix back in different lo- 
cations with different relative phases and is given by 



G = uj^ 



V^m-'K 



gife|x-y 

47r|x — y 



■^om(y) • ^det(x)dVrf X 



(4) 

Here, k is the wave number of the paraphoton, k^ = 
o;^ — my, and the vector potentials of the EM normal 

modes, A^^n, ^det) obey the normalization condition 



|yl|2(x)d3x=l, 



(5) 



where we use the Coulomb gauge V • A = 0. The magni- 
tude of G is shown in Fig. [1] as a function of the relative 
paraphoton wave number, k/uj, for the arrangement of 
cavities in this experiment, shown in Fig. [21 

ADMX employs a tunable microwave cavity immersed 
in a 7.5 T magnetic field. It was originally built to detect 
the conversion of dark matter axions into photons. The 
ADMX detector is described in detail in Ref. |10|, and 
recent results of the axion search are given in Ref. [11| . 

Microwave power from paraphoton mixing can be de- 
tected in an identical manner to that from axion con- 
versions. Electromagnetic power in the ADMX cavity 
excites the TMqio normal mode which is read out by 
an antenna, amplified, mixed, and Fourier transformed 
with a frequency resolution of 125 Hz. The sensitivity of 
power measurements is limited by black body noise from 



FIG. 1: Magnitude of the dimensionless coefficient G given 
in Eq. Q as a function of relative paraphoton wave number. 
The curve is specific to this experiment (Fig. [2} . 



the cavity and the intrinsic noise of the amplifier. It is 
thus important to operate at as low a temperature as 
possible. The present experiment maintains the cavity 
at a physical temperature of 2 K with pumped helium 
while the High electron mobility Field Effect Transistor 
(HFET) amplifiers |l2| have a noise temperature of 4 K. 
This results in a total noise temperature of 6 K. 

A significantly lower cavity temperature would reduce 
the cavity black body noise, but not the HFET noise. 
The use of Superconducting Quantum Interference De- 
vice (SQUID) amplifiers, however, with a noise temper- 
ature approaching the quantum limit at low tempera- 
tures [13| , reduces the system noise temperature substan- 
tially, for example, to a projected 200 mK or less for an 
operating temperature of 100 mK. The SQUID amplifiers 
used during normal ADMX operations were not opera- 
tional for this experiment. 

The signal-to-noise ratio for power detected in the 
ADMX cavity is set by the radiometer equation [l3| 



N 



Pdet 

knT 



(6) 



where T is the total noise temperature, t is the time 
over which the power is measured and b is the frequency 
bandwidth resolution. A paraphoton signal would be ob- 
served as a peak above the noise spectrum in the detector 
cavity at the frequency of the driven emitter cavity. We 
find that the noise temperature of the system dominates 
any systematic effects of the receiver chain for integration 
times less than 30 days (l5| . 

The paraphoton search procedure is to operate the 
ADMX detector cavity in the TMqio rnode, tuned via the 
placement of two 0.0508 m diameter rods, to a resonant 
frequency of 722.725 MHz. A second cavity is supplied 
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FIG. 2: Diagram of the ADMX paraphoton search. Photons 
mix into paraphotons in the emitter cavity and back into pho- 
tons in the detector cavity. The power deposited by photons 
in the detector cavity is read out by an antenna and amphfied 
within the cryostat. 



with 150 mW of power in the same mode and frequency. 
Both the cavities and tuning rods are copper plated stain- 
less steel cylinders. The cavities each measure 0.40 m in 
diameter and 0.926 m in height and are separated 3.30 m 
vertically and 1.35 m horizontally due to the presence of 
the detector cryostat. The quality factors of the cavities, 
Qdct,Qem are 7 x 10'' and 1.4 x 10^ respectively at 722 
MHz. A schematic of the ADMX paraphoton search is 
shown in Fig. [2j 

We average the power in a 125 Hz wide bin around 
722.725 MHz for a period of 7.2 x 10^ s. We limit the 
excess power to Pdct = 0.69 ± 1.08 x lO^^s w (Fig. [3]). 
Since this is consistent with no excess power we set a 
limit on the paraphoton coupling x as function of mass, 
m.y' using Eq. ([3]) and Fig. [1] We exclude paraphotons 
over a broad mass range. For masses near 3 /xeV, we 
exclude kinetic couplings x > 3.48 x 10~® at the 95% 
confidence level as shown in Fig. 21 We exclude couplings 
to lower paraphoton masses with reduced sensitivity to 
the coupling. 

Feed-through of microwave power from the emitter to 
the receiver antennas is a potentially serious systematic 
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FIG. 3: Excess power measured in the ADMX cavity as a 
function of frequency in MHz. Bins are 125 Hz wide. The 
emitter cavity is driven at 722.725 MHz and paraphoton mix- 
ing would be detected as a peak above the noise power in that 
bin (arrow). 



effect that dramatically limited the sensitivity of mi- 
crowave cavities to paraphoton mixing in a previous ex- 
periment [la]. However; ADMX has been optimized to 
eliminate external microwave signals which could limit 
the sensitivity of the axion search. The ADMX cryostat 
functions as an excellent Faraday cage where all signal 
and sensor lines have been tested for leakage with an ex- 
ternal microwave source. We have terminated all unnec- 
essary lines and supplied the remainder with additional 
shielding. The HFET amplifiers supply 30 dB of ampli- 
fication and are well shielded within the cyrostat. This 
greatly suppresses the effect of any feed-through from 
outside the cryostat. Consequently, the ADMX para- 
photon search was not limited by the feed-through of 
microwave power. 

The ADMX receiver will be upgraded to improve 
the experiment's sensitivity. This upgrade will employ 
SQUID amplifiers with noise temperatures close to the 
quantum limit and a dilution refrigerator cooled to 100 
mK to reduce the total noise temperature to 200 mK. 
Improved frequency stability will allow bandwidth resolu- 
tion of better than 0.02 Hz. The reinstallation of ADMX 
at the University of Washington will also enable the emit- 
ter and detector cavities to be positioned within 1.5 m so 
that \G\ w 1. The power driving the emitter cavity was 
supplied by the source used for nominal ADMX opera- 
tions; power levels in excess of 1 W will be available in 
the receiver upgrade. We estimate this upgrade will pro- 
vide sensitivity to paraphotons with a kinetic coupling 
X<10-9 (Fig.Sl). 

In summary, we have used the ADMX detector in a 
search for hidden sector physics. We exclude paraphotons 
over a broad mass range. For paraphoton masses near 
3 fj,eV we exclude kinetic couplings x > 3.48 x 10~^ at 
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FIG. 4: Limits on the kinetic coupling of the paraphoton as 
a function of mass at the 95% confidence level. The ADMX 
limit is shown as dark shading. An earlier microwave cav- 
ity limit [Igl is shown as medium shading. The limit from 
Coulomb's law deviations 0, [g] is shown as light shading. 



the 95% confidence level. Lower paraphoton masses are 



excluded with reduced sensitivity to the kinetic coupling. 
Upgrades to ADMX will permit an improvement in this 
limit by more than an order of magnitude. This measure- 
ment is a significant improvement in microwave cavity 
limits and is comparable to the sensitivity of the limit set 
in Refs. [ll, |8| by tests of Coulomb's law. Finally, this ex- 
periment, together with the axion [lli| and chameleon [13] 
searches performed by ADMX, demonstrates not only 
the extraordinary sensitivity of microwave cavity exper- 
iments but also the breadth of physics such experiments 
can expolore. 
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